Abstract. This paper presents the study of modelling root growth behaviours in the soil. The purpose of the study is to investigate a novel biologically inspired methodology for optimization of numerical function. A mathematical framework is designed to model root growth patterns. Under this framework, the interactions between the soil and root growth are investigated. A novel approach called "root growth algorithm" (RGA) is derived in the framework and simulation studies are undertaken to evaluate this algorithm. The simulation results show that the proposed model can reflect the root growth behaviours and the numerical results also demonstrate RGA is a powerful search and optimization technique for numerical function optimization.
Introduction
Nature ecosystems have been the rich source of mechanisms for designing computational systems to solve difficult engineering and computer science problems. Modeling is an important tool for the comprehension of complex systems such as nature ecosystems and the model inspired from nature ecosystem is instantiated as an optimizer for numerical function and engineering optimization. Computational root growth models or "virtual root system of plant" are increasingly seen as a useful tool for comprehending complex relationships between plant physiology, root system development, and the resulting plant form. Therefore accurate root growth models for simulation of root-soil interactions are of major significance. In the field of modeling root system of plant, there already exists a variety of elaborate approaches [1] [2] [3] . However, the complexity of the root-soil system requires an accurate and detailed description not only of each subsystem, but also of their mutual linkage and influence.
In pursuit of finding solution to the optimization problems many researchers have been drawing inspiration from the nature [4] . A lot of such biologically inspired algorithms have been developed namely Genetic Algorithm (GA) [5] , Particle Swarm Optimization (PSO) [6] , Artificial Immune System (AIS) [7] and Artificial Bee Colony (ABC) [8] . Plant growth simulation algorithm (PGSA) is a powerful evolutionary algorithm simulating plant growth that has been proposed for solving integer programming [9] . These algorithms with their stochastic means are well equipped to handle such problems. However, the algorithms inspired from plant root models are very limited.
This study presents a root growth model which can simulate plant root and formulated as an optimization algorithm for numerical function optimization. This paper is structured as follows: root growth model is presented in Section 2. The self-adaptive growth of root hairs is simulated in Section 3. In Section 4, experimental settings and experimental results are given. Finally, Section 5 concludes the paper.
2
Proposed Root Growth Model
Description for Growth Behavior of Root System
At the end of the 1960s, A. Lindenmayer introduced Transformational-generative grammar into biology and developed a variant of a formal grammar, namely LSystems, most famously used to model the growth processes of plant development. LSystems are based on simple rewriting rules and branching rules and successfully make a formal description for the plant growth. We use L-Systems to describe growth behavior of root system as follows:
• A seed germinates in the soil, partly becoming stems of plant above the earth's surface. The other part grows down, becoming plant root system. New root hairs grow from the root tips.
• More new root hairs grow from the root tips of old root hairs. The behavior of root system which is repeated is called as branching of the root tips.
• Most root hairs and root tips are similar to each other. The entire root system of plant has self-similar structure. The root system of each plant is composed of numerous root hairs and root tips with similar structure.
Plant Morphology
The uneven concentration of nutrients in the soil makes root hairs growing towards different directions. This characteristic of root growth relates to the morphogenesis model in biological theory. When the rhizome of root system grows, three or four growing points with different rotation directions will be generated at each root tip. The rotation diversifies the growth direction of the root tip. Root tips from which root hairs germinate contain undifferentiated cells. With regard to the process of root growth, there have been the following conclusions in biology:
• If root system of plant have more than one root tip, which root tips could germinate root hairs depends on their morphactin concentration. The probability of new root hairs germinating is higher from root tips with larger morphactin concentration than root tips with less ones.
• The morphactin concentration in cells is not static, but depends on its surroundings. After new root hairs germinate and grow, the morphactin concentration will be reallocated among new root tips in line with the new concentration of nutrients in the soil.
In order to simulate the above process, it is assumed that the sum of the morphactin concentration of is constant (considered as 1) in the morphactin state space of the multi-cellular closed system. If there are n root tips
The morphactin concentration of each root tip can be expressed as:
where f (*) is objective function which represents the spatial distribution of nutrients in the soil. In expression (1), the morphactin concentration of each root tip is determined by the relative position of each point and environmental information (objective function value) at this position. When new root hairs germinate, the morphactin concentration may be changed.
Branching of the Root Tips
There are four rules for branching of the root as follow:
• Plant growth begins from a seed.
• In each cycle of growth process, some excellent root tips which have larger morphactin concentration values are selected to branch.
• The distance should not be close between the selected root tips in order to make spatial distribution of the root system wider and increase the diversity of the fitness values.
• If the number of the root tips selected equals the predefined value, the loop of the selection process terminates.
In order to produce a new growing point from the old root tip in memory, the proposed model uses the following expression:
where k∈{1, 2, ⋯, D} are randomly chosen indexes and j∈{1, 2, ⋯, D}. pg l (i=1, 2, ⋯, S) are S new growing points. δ ij is a random number between [-1, 1].
Root Hair Growth
Root hair growth depends on its growth angle and growth length. The growth angle is a vector for measuring the growth direction of root hair. The growth angle of each root hair φ i (i=1, 2, ⋯, n) which is produced randomly can be expressed as:
The growth length of each root hair is defined as δ i (i=1, 2, ⋯, n) which is an important parameter in the root growth model. Some strategies of tuning the parameter can produce multiple versions of the root growth model. After growing, a new root tip is produced by the following expression:
Root Growth Algorithm
The root growth model proposed is instantiated as root growth algorithm (RGA) for simulation of root system of plant and numerical function optimization. The threshold of the distance between root tips and the growth length of each root hair are important parameters for RGA. The flowchart of the RGA is presented in Figure 1 . 
Simulating Self-adaptive Growth of Root Hairs
Simulating self-adaptive growth of root hairs is important for learning relationships between the nutrient concentration of the soil and the growth length of root hairs. Rastrigin function is used as soil environment in computer. Rastrigin function is presented in Section 4.1 and the setting of the parameters is the same as one in Section 4.2. The growth length of each root hair δ i (i =1, 2, ⋯, n) is the master variable for self-adaptive growth of root hairs. The growth length of all root hairs change as their fitness values change. The pseudocode and the formula of the way of self-adaptive growth are listed in Table 1 in which τ is a nonnegative number. Figure 6 shows the simulation of the self-adaptive growth way. The roots of plant grow towards the same direction with the high concentration of nutrients. From the view point of the optimization, the self-adaptive growth way can make all points moving toward the area with the largest fitness value and then these points move around back and forth for intensive search. So RGA using the way of self-adaptive growth can obtain better optimal solution easily and quickly. 
4
Numerical Experiments for Optimization
Benchmark Functions
The set of benchmark functions contains five functions that are commonly used in evolutionary computation literature [10] [11] [12] to show solution quality and convergence rate. The five function are Sphere function, Rosenbrock function, Ackley function, Griewank function and Rastrigin function. The first two functions are unimodal problems and the remaining functions are multimodal. The functions are listed below. The dimensions, initialization ranges, global optimum, and the criterion of each function are listed in Table 2 . 
Settings
For the experiments, the value of the common parameter, total evaluation number, used in each algorithm was chosen to be the same. The maximal number of fitness function evaluations was 200,000 for all functions. For GA, a binary coded standard GA were employed. The rate of single point crossover operation was 0.8. Mutation rate was 0.01. The selection method was stochastic uniform sampling technique. Generation gap is the proportion of the population to be replaced. Chosen generation gap value in experiments was 0.9. For DE, F was set to 0.5. Crossover rate was chosen to be 0.9 as recommended in [13] . For PSO, inertia weight was 0.6 and cognitive and social components were both set to1.8 [14] .
The parameter settings of RGA for simulation and optimization are listed in Table 3 . All parameter values have been tested many times to obtain better simulation and optimal solution and then were used. 
Numerical Results and Comparison
The GA, DE, PSO and RGA algorithms are compared on five functions described in the previous section and are listed in Table 2 . Each of the experiments in this section was repeated 30 times. The mean values, the standard deviation, the minimum values and the maximum values produced by the algorithms have been recorded in Table 4 .
The best values obtained by the four algorithms for each function are marked as bold.
As shown in 
Conclusion
In this paper, we present a root growth model based on root growth behaviours in the soil. By using this model as a computational metaphor, we propose a novel algorithm called "root growth algorithm" (RGA) for simulation of plant root system and numerical function optimization. The self-adaptive growth of root hairs, are simulated and he characteristics of root growth are showed in the form of images. The numerical results obtained from the proposed algorithm have been compared with those obtained from GA, DE and PSO. It is seen from the comparison that RGA performs better than GA, DE and PSO. RGA can optimize numerical function better.
